The expression of CD154 (CD40 ligand) by activated T lymphocytes is critical in the development of humoral and cell-mediated immunity (16, 22, 34) . The interaction of CD154 with its receptor, CD40, was first shown essential for B-cell growth and differentiation and formation of germinal centers (16) . With recognition that CD40 is expressed on an array of cell types came awareness that this interaction is essential to numerous elements of cell-mediated immunity. In the absence of CD154, antigen presentation by dendritic cells and macrophages is profoundly impaired, as is macrophage-mediated killing of intracellular or extracellular pathogens (22, 34) . Given the breadth of importance of CD154-CD40 interaction, it is not surprising that CD154 blockade retards the development and progression of immune responses in an array of transplantation and autoimmune disease models ranging from systemic lupus erythematosus to rheumatoid arthritis to multiple sclerosis (16, 22) .
The CD154 gene is located on the X chromosome and belongs to the tumor necrosis factor (TNF) gene family (25) .
Study of CD154 expression chiefly involves CD4
ϩ T lymphocytes, with the earliest studies showing that resting cells express little or no CD154 (28, 35, 48) . Activation of the T lymphocytes demonstrated that induction of CD154 expression was different from that of other cytokines. Signals (anti-CD3 and mitogenic lectins) that triggered resting T cells to engage in high levels of proliferation and cytokine production would elicit very little (CD4 ϩ T cells) or no (CD8 ϩ T cells) expression on either mouse or human T cells (28, 35, 48) . Optimal expression of CD154 was found to require pharmacological stimulation provided by phorbol myristate acetate (PMA) and calcium ionophores such as ionomycin (IONO) (28, 35, 48, 49) . The induction of CD154 on T lymphocytes is blocked by concurrent treatment with cyclosporine and glucocorticoids; these effects are presumed to be transcriptional (17, 48) , based on the presence of NF-AT sites in the CD154 promoter (50) . Since cyclosporine and glucocorticoids also inhibit cytokine production (3, 54) , this pathway does not account for the differential regulation of CD154 expression by T lymphocytes.
These data prompted consideration of the role of posttranscriptional pathways in the selective regulation of CD154 expression. As stated above, CD154 is a member of the TNF gene family (25) . The expression of TNF alpha (TNF-␣) is primarily regulated at the level of mRNA turnover and translation, conferred by adenine-uridine rich cis-acting elements (AURE) present in its 3Ј untranslated region (3ЈUTR) (5, 26, 51) . CD154 mRNA is rapidly degraded in human peripheral blood T lymphocytes with a half-life (ϳ30 min) similar to that seen with interleukin 2 (IL-2) (15, 31, 44, 56) . Two separate lines of evidence exist to suggest that CD154 and cytokine mRNA stability are differentially regulated in activated T lymphocytes. First, signals (CD2 engagement by LFA-3) have been shown to stabilize CD154 mRNA without altering IL-2 mRNA stability (31) . Second, CD28 cross-linking has been shown to increase cytokine (TNF-␣ and IL-2) production at the level of mRNA stability (29) , while having minimal effect on CD154 expression (15) .
Given evidence that CD154 and AURE-dependent cytokine mRNA stability are independently regulated in T lymphocytes, we hypothesized the presence of a novel 3ЈUTR cis-acting element whose function was modulated by specific RNA binding proteins. PMA or IONO treatment rapidly increased CD154 mRNA stability in human peripheral blood lymphocytes (PBL), even in the context of transcriptional inhibition (44) . In these studies, two major (p50 and p25) and two minor (p40 and p36) RNA binding proteins were shown to bind the CD154 3ЈUTR. The binding of the p50 and p25 mapped to a polypyrimidine-rich region (ϳ0.4 kb) that lacked an AURE. UV cross-linking studies demonstrated that the p50 and p25 directly contacted uridines and cytidines in this region. Signals which stabilized CD154 mRNA decreased p25 levels in both cytosolic and polysomal fractions, while a corresponding increase in p50 binding activity was observed (44) . These data suggested the presence of a novel cis-acting element in this polypyrimidine-rich region that regulated CD154 mRNA turnover through the relative levels of p50 and p25 RNA binding proteins.
We addressed this hypothesis by identifying these RNA binding proteins and characterizing their functional relationship with CD154 3ЈUTR-dependent gene expression. The p50 binding activity was purified from calf thymus (CT) and identified as polypyrimidine tract binding protein (PTB), also known as hnRNP I (18) (19) (20) 37) . The use of PTB-specific antisera confirmed the identity of the cytoplasmic p50 CD154 3ЈUTR binding protein as PTB. Peptide sequencing, immunoblotting, and immunoprecipitation studies additionally indicated that the p25 was a PTB-related protein. The gene encoding the p25 protein was cloned. DNA sequencing established the identity of the p25 as a previously unreported splice isoform of PTB (referred to subsequently in this work as PTB-T).
In addition, chimeric reporter gene constructs were used to demonstrate that the CD154 3ЈUTR inhibits expression in vivo by reducing mRNA accumulation in a 3ЈUTR-specific manner. The presence of the polypyrimidine-rich region of the CD154 3ЈUTR reduced reporter gene expression activity, mRNA accumulation, and mRNA stability. Since this region constituted the sites of p50 and p25 binding, we examined their role in regulating its function. Overexpression of PTB and PTB-T differentially regulated chimeric reporter gene expression in a CD154 3ЈUTR-dependent manner. These data indicate that in addition to roles in pre-mRNA splicing and internal ribosome entry site (IRES)-dependent translation (4, 10, 21, 57, 58) , PTB binding to the 3ЈUTR can regulate mRNA stability. In this instance, the relative ratios of alternately spliced isoforms of cytoplasmic PTB in activated T lymphocytes play an important role in the regulation of CD154 mRNA stability. As such, these data provide a model of understanding of the selective regulation of CD154 expression in activated T lymphocytes.
MATERIALS AND METHODS
Preparation of cytosolic and polysomal extracts. The Jurkat human T-cell line was maintained in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum (HyClone) and gentamicin sulfate (50 g/ml). Human PBL cells from volunteer donors were activated with phytohemagglutinin (PHA) (Murex) at 1 g/ml, a concentration found to give optimal proliferation and lymphokine preparation. Cytoplasmic preparations were performed using a method characterized for its lack of contamination by nuclear proteins (24) . Cytoplasmic lysates were prepared by washing the cells twice in ice-cold phosphate-buffered saline. All reagents and subsequent steps were used at 4°C. The cells were lysed by gentle resuspension in 1% Triton X-100 lysis buffer (50 l/2 ϫ 10 7 cells) containing 10 mM PIPES (pH 6.8), 100 mM KCl, 2.5 mM MgCl 2 , 300 mM sucrose, 1 mM Pefabloc, and leupeptin and pepstatin A (2 g/ml each) before a 3-min incubation followed by 3-min centrifugation at 500 ϫ g. The supernatant was aliquoted and stored at Ϫ80°C as the cytoplasmic fraction. Polysomes were prepared as previously described (44) . Human peripheral blood mononuclear cells from volunteer donors were homogenized in buffer A (10 mM Tris-HCl [pH 7.6], 1 mM potassium acetate, 1.5 mM magnesium acetate, 2 mM dithiothreitol [DTT], leupeptin and pepstatin A [each at 2 g/ml], and 2 mM Pefabloc), and were nuclei removed by centrifugation. The supernatant was layered over a 30% sucrose cushion followed by ultracentrifugation at 36,000 rpm in a Beckman L80 ultracentrifuge with an SW41 rotor for 4 h at 4°C. The supernatant was removed as the S130 fraction, and the pellet was resuspended in buffer A and stored in aliquots at Ϫ80°C as the polysome fraction.
RNA binding assays. Human CD154 3ЈUTR was generated by reverse transcriptase PCR (RT-PCR) using RNA isolated from PHA-activated (16 h) PBL, using primers that generated products encoding CD154 nucleotides (nt) 12 to 986 (referred to herein as CD154 12-986) and CD154 468-835 of the human CD154 3ЈUTR. Each primer set also introduced a SpeI restriction enzyme site at both ends. Following amplification the PCR products were inserted into TOPO 2.1 vector (Invitrogen) and confirmed by sequencing. CD154 12-986 and CD154 468-835 were released from TOPO 2.1 with SpeI and ligated into the XbaI site of T7/T3 ␣-19 (Gibco/BRL) and confirmed by sequencing. The deletion mutant T7/T3 CD154 483-814 del was generated by QuikChange (Stratagene) deletion from the T7/T3 CD154 12-986. T7/T3 CD154 12-986 was linearized with KpnI or EcoRI to generate the 12-986 and 12-292 templates, respectively. T7/T3 CD154 486-835 was linearized with EcoRI. ␣-32 P-labeled mRNAs with specific activity of Ͼ10 8 cpm/g of RNA were prepared by in vitro transcription by T7 RNA polymerase in the presence of 50 Ci of [␣-
32 P]UTP (3,000 Ci/mmol) from Perkin-Elmer Life Sciences and 0.0125 mM UTP and 2.5 mM ATP, GTP, and CTP (Roche Biochemicals).
RNA probes (8 ϫ 10 4 cpm; 3 to 14 fmol; calculated based on [␣-32 P]UTP incorporation) were incubated with the specified amounts of cytoplasmic extract, nucleoplasmic extract or A 260 polysomes in 12 mM HEPES (pH 7.9), 15 mM KCl, 0.2 M DTT, Saccharomyces cerevisiae tRNA (0.2 g/ml), and 10% glycerol for 10 min at 30°C. UV cross-linking was performed at 4°C using a Stratagene UV Stratalinker 1800 (5 min, 3,000 W/cm 2 ) followed by RNase digestion (10 U of RNase T 1 and 20 g of RNase A) for 30 min at 37°C (44) . The protein-RNA complexes were analyzed under denaturing conditions by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-12% PAGE), dried, and monitored by autoradiography. Immunoprecipitation of protein-RNA complexes was performed by incubation for 2 h at 4°C using the anti-PTB monoclonal antibody BB7 (generously provided by Douglas Black, Howard Hughes Medical Institute-University of California, Los Angeles) bound to protein A-Sepharose beads (Pharmacia). Parallel immunoprecipitation was performed with the antihnRNP A2 monoclonal antibody, EF67, as a specificity control (33) . Beads were washed six times in 100 mM NaCl, boiled in SDS-PAGE loading buffer, and resolved by SDS-12% PAGE and analyzed as described above.
Protein purification and identification. Fresh CT (1.2 kg) was obtained at a slaughterhouse, chopped into ϳ1-in. cubes and snap frozen in liquid nitrogen. The tissue was thawed overnight at 4°C in buffer A (50 mM HEPES [pH 7.5], 25 mM KCl, 5 mM MgCl 2 , 250 mM sucrose, 10 mM 2-mercaptoethanol, and 1 mM Pefabloc). All subsequent steps were performed at 4°C, as previously described (32) . The tissue was ground in a blender in 3 liters of buffer A, and then the crude homogenate was passed successively through two, four, and eight layers of cheesecloth. The suspension was centrifuged at 1,800 ϫ g for 7 min. The supernatant was transferred to clean tubes as the cytoplasmic fraction. The nuclear pellet was resuspended in 2 liters of extraction buffer (250 mM sucrose, 400 mM NaCl, 50 mM HEPES [pH 7.5]) and then centrifuged at 8,500 rpm in a GS3 rotor for 10 min. The supernatant was saved as the nucleoplasmic extract and sequentially subjected to 25, 50, and 75% ammonium sulfate precipitation. The ammonium sulfate precipitates were resuspended in dialysis buffer (50 mM NaCl, 20 mM HEPES [pH 7.5], 2 mM EDTA, 10% [wt/vol] glycerol, 10 mM 2-mercaptoethanol, and 1 mM Pefabloc) before two 2-h rounds of dialysis at 4°C.
Fractions were analyzed for the presence of CD154 3ЈUTR RNA binding proteins. The nuclear 50% ammonium sulfate fraction (120 ml) was applied to a 130-ml DEAE-Sephacel (Sigma Chemicals, St Louis, Mo.) column. The flowthrough was collected, and the column was washed with 500 ml of binding buffer (20 , 100 M Pefabloc, 10% glycerol), applied to a 2-ml poly(U) Sepharose column, washed, and eluted. Specified elutions were resolved by SDS-12% PAGE, and the p25 and p50 Coomassie blue-stained bands were excised and sent to the HHMI Biopolymer Laboratory and the W. M. Keck foundation for identification. The p50 was identified by mass spectrometrymass spectrometry analysis of the tryptic digest on a Q-TOF mass spectrometer. The p25 peptide was identified by internal amino acid sequencing of a tryptic digest.
Immunoblotting. Following resolution by SDS-12% PAGE and electrotransfer to nitrocellulose, blots were blocked overnight at 25°C in TBS-T (50 mM Tris [pH 2.4], 200 mM NaCl, 3% bovine serum albumin, 0.05% Tween 20) before incubating for 1 h at 25°C with BB7 hybridoma supernatant (diluted 1:2,000) or affinity-purified rabbit antisera specific for the N-terminal 13 amino acids of PTB (diluted 1:200) in TBS-T (with 1% bovine serum albumin). The N-terminal peptide-specific antisera was generously provided by Douglas Black. Blots were then washed, incubated with a 1:10,000 dilution of goat anti-mouse horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature, washed five times with TBS-T, and visualized using chemiluminescence substrate (SuperSignal; Pierce).
Cloning of the p25/PTB-T. The p25/PTB-T was cloned by RT-PCR amplification using upper and lower primers corresponding to the 5ЈUTR and 3ЈUTR of human PTB. For the upper primer, nt 66 to 85 (5Ј CCCGCGGTCTGCTCT GTGTG 3Ј) were used, while the lower primer utilized nt 1816 to 1839 (5Ј AATCTCTCGGCGGCTAGGTCACT 3Ј). RNA from two different donor PHA-activated PBL as well as the Jurkat human T-cell line was isolated, reverse transcribed (Superscript II RT from Invitrogen) using oligo(dT) (Invitrogen), and PCR amplified using Taq DNA polymerase (Roche Biochemicals). A 700-bp band was resolved by agarose gel electrophoresis, excised, cloned into TOPO 2.1 (Invitrogen), and sequenced. Identical sequences of PTB-T were seen in multiple clones derived from each RT-PCR. PTB-T was then PCR amplified from TOPO 2.1/PTB-T and TA cloned into pcDNA3.1 (Invitrogen) and sequenced to confirm that no errors were introduced during amplification. In vitro transcription and translation of [
35 S]methionine-labeled PTB-T was performed using pcDNA3.1 PTB-T vector and Proteinscript II (Ambion). Labeled proteins were resolved by SDS-12% PAGE and visualized by autoradiography. The pTRI-Xef1␣ cDNA, which encodes an ϳ50-kDa protein, was supplied by the manufacturer as a positive control.
Transient transfection of cell lines. The pRC/PTB (hnRNP I) vector was the generous gift of Stanley Lemon. PTB was released from pRC with HindIII and ligated into the HindIII site in pcDNA 3.1 to yield pcDNA3.1-PTB. Luciferase reporter constructs were generated by digesting TOPO 2.1/CD154 3ЈUTR 12-986 with BamHI and XhoI to release CD154 3ЈUTR 104-986 and ligated into the same sites in pcDNA3.1 Zeo(ϩ) (Invitrogen) and confirmed by sequencing. The cDNA encoding firefly luciferase was released from pGL3-control vector (Promega, Madison, Wis.) by XbaI and HindIII digestions, gel purified, and ligated into the BamHI site of pcDNA3.1/CD154 104-986 to yield pcDNA3.1/LUC/ CD154104-986. Digestion of pcDNA3.1/LUC/CD154 104-986 with BamHI and XhoI was used to release the CD154 3ЈUTR and religated to yield pcDNA3.1/ LUC. The pcDNA3.1/LUC/CD154 468-835 expression plasmid was generated by digesting TOPO 2.1/CD154 468-835 with BamHI and XhoI and ligating gelpurified insert into the pcDNA3.1/LUC/CD154 104-986 that had been digested with BamHI and XhoI to remove CD154 104-986. Deletion constructs were generated by QuikChange (Stratagene) deletion from TOPO 2.1/CD154 12-986, released by BamHI/XhoI digestion, and ligated into the XbaI site of pcDNA 3.1/LUC. For generation of tetracycline-repressible luciferase expression, inserts containing the CD154 3ЈUTR were released by BamHI/EcoRV digestion from TOPO vectors described above and cloned into the EcoRV site downstream of the luciferase coding region in the pTRE-Luc vector (Clontech). Each vector was verified by sequencing at least twice in each direction.
Transient transfections were performed using 2 ϫ 10 6 Jurkat cells or 10 6 HeLa cells with 0.1 g of luciferase vectors plus 6 l of Lipofectamine (BRL) in 0.5 ml of RPMI for 2.5 h at 37°C in 5% CO 2 , after which 1 ml of RPMI-20% fetal calf serum was added. After 20 h, cells were lysed and luciferase activity was determined using a luciferase reporter assay (Promega) and luminometry. In each experiment, data are shown as the CD154 3ЈUTR-specific effect by dividing the mean luciferase activity from triplicate transfections of pcDNA3.1/LUC/CD154 3ЈUTR-containing expression plasmids by that obtained from cells transfected with the pcDNA 3.1 LUC vector, which was assigned a value of 100%. In PTB and PTB-T overexpression experiments, 1 g of pcDNA3.1 PTB-T, pcDNA3.1-PTB, or an empty vector control was used with 0.1 g of the luciferase expression plasmids that either lacked or contained the CD154 3ЈUTR, and mean luciferase activity was determined. In these experiments, the percent inhibition of CD154 3ЈUTR-dependent luciferase expression seen with each vector was calculated and then divided by the inhibition seen with the empty control vector, which was assigned a value of 100%.
Transient transfection of primary CD4 ؉ T cells. Primary human CD4 T cells (Ͼ95% purity) were isolated from PBL by negative selection (StemCell Technologies, Vancouver, British Columbia, Canada) and transiently transfected as previously described (12) . After being cultured overnight with an equivalent number of irradiated (3,300 rads) syngeneic whole-blood mononuclear cells in PHA (1 g/ml), CD4 T cells were isolated and subjected to electroporation 19.5 h post-PHA stimulation. Five million CD4 T cells were transiently transfected with plasmid DNA in 250 l of medium in 0.4-cm-gap cuvettes at 250 V and 950 F using a Bio-Rad (Hercules, Calif.) gene pulser. Two micrograms of either pcDNA3.1/LUC/CD154 104-986 or pcDNA3.1/LUC cDNA was cotransfected with 2 g of expression vector (pcDNA 3.1, pcDNA 3.1 PTB, or pcDNA3.1 PTB-T) along with 1 g of a Renilla luciferase expression control vector, pRL-null (Promega). Cells were rested for 2 h, and 1 million cells per well were stimulated in vitro with PMA (25 ng/ml) and IONO (1.5 M) or medium alone for 6 h at 37°C. Cells were washed and lysed, and luciferase activity was determined using a Dual Luciferase assay kit (Promega) and a LB9507 luminometer (EG&G Wallac, Bad Wildbad, Germany). Data were analyzed in duplicate and corrected for transfection efficiency based on Renilla luminescence (13) .
Northern blotting and RT-PCR light cycler RNA analysis. Jurkat cells were transiently transfected as described and total cellular RNA was extracted by acid guanidinium-phenol-chloroform extraction (9) modified by increasing the 2-mercaptoethanol (Sigma) from 0.1 to 0.7 M in the 5 M guanidinium thiocyanate (Fluka, Biochemika) denaturing solution. RNA was size fractionated by formaldehyde-agarose gel electrophoresis and blotted on to a Hybond-N nylon membrane (Amersham Corp., Arlington Heights, Ill.) in 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and baked under vacuum at 80°C ϫ 2 h. The Northern blot was sequentially hybridized with an end-labeled luciferase primer (5Ј GGTACTTCGTCCACAAACACAACTCC 3Ј) and oligonucleotide-labeled HLA-B7 cDNA and visualized by autoradiography, with quantification performed by phosphorimaging using the PhosphorImager 445 SI (Molecular Dynamics). A separate transfection was analyzed by real-time PCR. Total cellular RNA was extracted using an RNeasy kit (Qiagen), and poly(A) ϩ RNA was isolated using Oligotex beads (Qiagen). Poly(A)
ϩ RNA was digested with DNase I (Ambion) prior to reverse transcribing with oligo(dT) and Superscript II RT (Invitrogen). Reverse transcriptions were analyzed for luciferase transcripts using 5Ј GGTGGCTCCCGCTGAATTGG 3Ј (upper primer) and 5Ј CCGTCAT CGTCTTTCCGTGC 3Ј (lower primer) and SYBER Green PCR core reagents (Perkin-Elmer Biosystems) by real-time PCR using a Bio-Rad iCycler. Each RT was simultaneously examined for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) transcript as a control. The luciferase/GAPDH transcript ratio was calculated for each sample, based on the manufacturer's instructions. For studies of mRNA stability, Tet-Off HeLa cells (Clontech) were purchased and maintained according to manufacturer's instructions and transiently transfected as described above, allowed to recover overnight, and then treated with doxycycline (1 g/ml) to shut off transcription for specified times. RNA extraction and analysis were performed as described above.
RESULTS
Characterization, purification and identification of PTB as CD154 3UTR binding proteins. Excluding an insert (nt 1 to 292) immediately distal to the translational stop site, the human and murine CD154 3ЈUTRs exhibit ϳ70% nucleotide identity between nt 293 to 986. This level of conservation is similar to that seen in the TNF-␣ 3ЈUTR (67%), which plays a dominant role in regulating its expression (5, 26) . This conserved portion of the CD154 3ЈUTR is distinguished by the presence of a CU-rich and polycytidine sequences, as well as a CA dinucleotide repeat (Fig. 1A) . Despite the fact that CD154 mRNA stability is comparable to that of IL-2 (44), it lacks the multiple AURE seen in human TNF-␣ (9 AUUUA) and IL-2 (7 AUUUA) that occur within 500 nt of the translational stop codon. Rather, the conserved portion of the human CD154 3ЈUTR has a single distal AURE (UUAUUUAUU) at nt 951 to 959 in a context that has been shown capable of destabilizing some, but not all, mRNA (27, 60) .
Previous UV cross-linking studies identified RNA binding proteins with M r of 50,000, 40,000, 36,000, and 25,000 in human PBL cytosols that directly contacted uridines and/or cytidines in the conserved region (nt 293 to 986) of the human 32 P]UTP-labeled CD154 3ЈUTR RNA probes were incubated with 50% ammonium sulfate fraction of a CT nuclear extract (5 g) or cytoplasmic lysates (20 g) from Jurkat (JUR) human T-cell line or PHA-activated (20 h) PBL, UV cross-linked, and RNase digested, and the digests resolved by SDS-PAGE and visualized by autoradiography. Arrows denote p50, p40, p36, and p25 binding activities. Previous work demonstrated that alterations in CD154 mRNA turnover correlated best with the binding of the p50 or p25 to its 3ЈUTR (44) . For this reason, we utilized the 50% ammonium sulfate fraction of CT nuclear extract for purification, as it contained both p50 and p25 binding activity ( Fig.  2A) . Column chromatography was used to monitor binding to radiolabeled nt 468 to 835 in the CD154 3ЈUTR. No significant binding to DEAE was noted; the flowthrough was applied to a CMC column. The p50 and p25 binding activity eluted from the CMC column at 0.3 to 0.5 M NaCl, while the p40 binding activity was predominantly noted in the 0.1 M salt elution. The 0.3 M NaCl elution was subjected to polyuridine column chromatography, where the p25 eluted at a slightly lower salt (0.5 M) concentration relative to the p50 (1 M NaCl). The 0.5 and 1 M NaCl elutions were resolved by SDS-PAGE, with the p25 and p50 bands being excised after being visualized by Coomassie blue staining. The p50 binding protein was identified by matrix-assisted laser desorption ionization-time of flight mass spectrometry as PTB, also known as hnRNP I (18) (19) (20) 37) . In contrast, the p25 could not be identified using this method or by N-terminal sequencing, the latter suggesting blocking of its amino terminus. Internal sequencing was able to identify a nonapeptide (Asp-Tyr-Gly-Asn-Ser-Pro-Leu-His-Arg) with 100% identity to amino acids 432 to 440 present in the third RNA recognition motif (RRM)-type RNA binding domain in human PTB (18, 37) .
Coordinate RNA binding assay and immunoblotting with the anti-PTB monoclonal antibody BB7 (10) demonstrated reactivity of the p50 and p25 binding proteins in the crude CT nuclear extract as well as in the purified fractions (Fig. 2B) . A minor 40-kDa doublet was also detected by immunoblotting in CT, one isoform of which copurified with p50. A similar correlation of PTB-reactive proteins and CD154 3ЈUTR binding activity was seen with Jurkat cytosols as well as polyribosomeenriched (polysome) fractions purified by sucrose density gradients from PBL activated (6 h) with either PHA or PMA-IONO. As previously noted, PMA-IONO activation of PBL (which induces CD154 mRNA stabilization) is associated with a loss of p25 binding activity (relative to PHA activation) from the polysomes, while the p50 binding activity is increased and broadened (44) . Immunoblotting demonstrated that the changes in binding activity are associated with loss of the immunoreactive p25 PTB isoform and increased levels of PTB, as well as emergence of a second, slightly larger isoform. Polysomes from PHA-activated PBL (in which CD154 mRNA is unstable) exhibit both p50 and p25 binding activity and PTB immunoreactivity.
Following incubation of Jurkat cytosol or CT extract with radiolabeled CD154 3ЈUTR RNA and UV-cross-linking, immunoprecipitation for PTB and an irrelevant RNA binding protein (hnRNP A2) was performed (Fig. 2C) . The binding activity from a Jurkat cytosol is shown in the far left lane. Anti-PTB antibody immunoprecipitated radiolabeled RNAprotein complexes with an M r of 50,000, 40,000, and 25,000 from both Jurkat cytosol and CT nuclear extract, indicating that each of these proteins directly contacted the RNA and was related to PTB. Anti-hnRNP A2 immunoprecipitation brought down little (CT) or no (Jurkat cytosol) binding activity, demonstrating the specificity of the observed data. We conclude that the p40 and p25 CD154 3ЈUTR binding proteins are related to PTB. By the same criteria, the p36 binding activity, which exhibited different binding specificity, is unrelated to PTB.
The p25 is encoded by a novel splice isoform of PTB. The identification of the p50 and p25 as PTB or PTB-related proteins is consistent with the description of multiple PTB splice isoforms (19, 20) and related, but distinct gene products (2, 30, 42) . PTB was originally defined by its regulation of alternative splicing (18, 37) . Full-length PTB consists of four RRM-type RNA binding domains (Fig. 3A) and homodimerizes due to a region spanning the second RRM (39) . Polypyrimidine tract binding activity is conferred by RRMs 3 and 4 (amino acids 324 to 531), particularly RRM 3 (11, 39) . Based on peptide sequence, binding activity, immunoreactivity, and the inability to obtain N-terminal sequencing, we hypothesized that the p25 represented an alternatively spliced isoform of PTB. Reverse transcription with oligo(dT) or PTB 3ЈUTR-specific primers was followed by PCR with primers specific for the 5Ј-and 3ЈUTRs, yielding an ϳ700-bp product from both human PBL or Jurkat mRNA (Fig. 3B) . The predicted (1,700-bp) band corresponding to PTB was not well visualized under these conditions, suggesting preferential amplification of this smaller PCR product. This band was excised, cloned, and sequenced, which confirmed it as a novel splice variant of PTB mRNA, with exons 3 though 9 deleted (19, 46) . This result has been confirmed by RT-PCR, cloning, and sequencing of three separate RNA samples-two from activated PBL from different donors and one from the Jurkat T-cell line. This splicing event results in deletion of 360 amino acids, over 50% of wild type PTB, thus corresponding in size to the p25 (Fig. 3A) . In vitro translation yielded a protein of comparable size to the observed binding activity (Fig. 3C, left panel) . Furthermore, immunoblotting with antisera specific for the N-terminal 13 amino acids of PTB demonstrated equivalent reactivity of the p25 to that seen with the BB7 antibody in PBL cytosol (Fig. 3C,  right panel) . These data establish that the p25 is an alternatively spliced isoform of PTB, clearly different from the previously described p25 form of PTB that was found to be due to proteolysis (6) . We conclude that the p25 binding activity that correlated with mRNA turnover is encoded by a novel splice variant of PTB which retains most of RRM 3 and all of RRM 4, the domains that confer PTB activity (11, 39) . We refer to this PTB isoform as PTB-T lymphocyte or, simply, PTB-T ( Fig.  3A and 4) , referring to the cell type in which it was first identified (30, 42) . Preliminary studies do not indicate that expression of PTB-T mRNA or protein is restricted to lymphoid cells (data not shown). Addition of PMA-IONO to PHA-activated human periph- 2 and 4) . The RT step was performed with oligo(dT) or PTB 3ЈUTR-specific primers and then PCR amplified with PTB primers specific for the 5Ј-and 3ЈUTRs. PCRs were analyzed by agarose gel electrophoresis and ethidium bromide staining. The ϳ700-bp band was excised, cloned, and sequenced to yield PTB-T. Products corresponding to PTB (1,700 bp) were barely detectable in these experiments, probably reflecting preferential amplification of PTB-T under these conditions. eral blood T cells acutely increases CD154 mRNA stability, even in the context of RNA polymerase II inhibition. This effect was accompanied by decreased p25 binding and increased p50 binding in the cytosol (44) . With the identification of PTB and PTB-T as alternately spliced isoforms that bind the CD154 3ЈUTR, we addressed this observation by immunoblotting (Fig. 3D ). Cytosolic levels of PTB and PTB-T are not significantly affected by short-term (4-h) activation by a concentration of PHA that induced maximal proliferation and IL-2 production. Addition of PMA-IONO rapidly increased PTB levels in concert with a decline in PTB-T. RNA polymerase II inhibition by 5,6-dichlorobenzimidazole 1␤-D-ribofuranoside alone increased cytoplasmic PTB. This effect was further enhanced by PMA-IONO treatment, indicating that the effect of PMA-IONO was independent of de novo gene transcription. Thus, cytosolic levels of PTB-T correlate with an unstable CD154 mRNA (44) . A corollary of these data are that while PHA activation induces proliferation and lymphokine production by human PBL, it does not confer stabilization of CD154 mRNA. These data account for the inability to detect CD154 expression in the absence of PMA-IONO treatment (28, 35, 44, 48) . This inability of PHA activation to alter the relative cytoplasmic levels of PTB-T/PTB was maintained for at least the first 16 h. With prolonged PHA activation (48 h), a decline in cytosolic PTB-T was observed, consistent with reports that CD154 mRNA stability increases with prolonged T-cell activation (15) . Identification of a novel cis-acting element regulating mRNA turnover in the CD154 3UTR. Chimeric reporter gene constructs were used to analyze the role of CD154 3ЈUTR cis-acting elements in posttranscriptional gene regulation in vivo to avoid nonspecific toxicity and effects of transcriptional inhibitors on mRNA stability (8, 38, 41, 43, 53) . Firefly luciferase reporter constructs pcDNA3.1/LUC and pcDNA3.1/ LUC/CD154 104-986 were generated, in which the cytomegalovirus immediate early promoter drives transcription of a luciferase mRNA lacking or containing the conserved portion of the human CD154 3ЈUTR (Fig. 5A) . In the Jurkat human T-cell line, the presence of the CD154 3ЈUTR reduced luciferase expression to 34% of that seen with cells transfected with identical reporter gene plasmids lacking this sequence (Fig.  5B) . A comparable decrease in luciferase activity was conferred by the CD154 3ЈUTR in transient transfection of HeLa cells as well (Fig. 5B) . In each cell type, the level of inhibition of luciferase activity conferred by the CD154 3ЈUTR was statistically significant (P Ͻ 0.001). The magnitude of this effect was equivalent to that seen with luciferase reporter constructs containing six reiterated AUUUA pentamers in their 3ЈUTR (data not shown). Thus, the CD154 3ЈUTR contains sequences that modulate luciferase reporter gene expression in a promoter-independent manner to the same extent as an AURE.
The mechanism by which the CD154 3ЈUTR regulated luciferase reporter gene expression in transiently transfected Jurkat T lymphocytes was examined. Following transfection with the pcDNA3.1/LUC and pcDNA3.1/LUC/CD154 104-986 expression vectors, total cellular RNA was extracted and analyzed by Northern blotting (Fig. 5C) . The presence of the CD154 3ЈUTR reduced accumulation of luciferase mRNA by 60% as measured by phosphorimaging (Fig. 5D ). This effect was comparable to the magnitude (50%) of the CD154 3ЈUTR-dependent reduction in luciferase activity measured at the same time as the RNA extraction. These data demonstrate a direct relationship between mRNA accumulation and luciferase expression. In five separate experiments, the effect of the CD154 3ЈUTR on luciferase mRNA accumulation was measured by real-time quantitative RT-PCR (Fig. 5D) . The level of CD154-3ЈUTR-dependent reduction in luciferase mRNA accumulation was comparable to that seen by Northern blotting. Thus, equivalent patterns of CD154 3ЈUTR-dependent changes in luciferase mRNA accumulation were shown using distinct techniques. The parallel between the magnitude of the effect of the CD154 3ЈUTR on luciferase mRNA and luciferase activity suggests altered mRNA stability, since the rate of transcription from each promoter is presumably equivalent. This conclusion is consistent with reports demonstrating the instability of CD154 mRNA (15, 31, 44, 56) and the recognized role of the 3ЈUTR in regulating mRNA turnover (47) .
Deletion analysis was used to map the cis-acting element in the CD154 3ЈUTR. Removal of the entire polypyrimidine-rich region in the 485-814 del construct resulted in a loss of inhibition of luciferase activity (Fig. 6, upper-left panel) . Constructs with smaller deletions of the polypyrimidine-rich region all demonstrated inhibitory activity. Deletion of the polycytidine sequence, of the CU dinucleotide repeat-rich region (nt 560 to 600), or even of Ͼ75% of the CU-rich region (nt 540 to 690) with the 468-549 del, 557-647 del, or 585-690 del reporter constructs still resulted in reduced luciferase expression in a 3ЈUTR-dependent manner. Finally, the polypyrimidine-rich region alone (nt 474 to 835) of human CD154 3ЈUTR reduced luciferase activity to a comparable degree to that seen with nt 104 to 986 in a statistically significant manner (P Ͻ 0.0005).
When analyzed by transient transfection of Jurkat cells, both the CD154 3ЈUTR and the polypyrimidine-rich region alone (nt 474 to 835) were capable of reducing mRNA accumulation; deletion of this region resulted in loss of inhibition (Fig. 6,  upper-right panel) . Thus, the polypyrimidine-rich region of human CD154 3ЈUTR is both necessary and sufficient to reduce both luciferase activity and steady-state luciferase mRNA accumulation in a 3ЈUTR-dependent manner. This region (nt 474 to 835) lacks an AURE (Fig. 1A) , indicating that this effect on reporter gene mRNA levels are mediated by a previously undefined cis-acting element.
In order to directly examine changes in mRNA stability without confounding by RNA polymerase II inhibitors, we generated a tetracycline-responsive luciferase (pTRE-luc) vector that either lacked or contained the CD154 3ЈUTR. Transient transfection of HeLa cells (Tet-Off) that permitted transcriptional inhibition by doxycycline treatment was followed by RNA extraction and quantitative RT-PCR analysis. The presence of the CD154 3ЈUTR resulted in a greater-than-twofold increase in the rate of luciferase mRNA decay (Fig. 6, lowerleft panel) . This effect of the CD154 3ЈUTR required the presence of the polypyrimidine-rich region; deletion of nt 485 to 814 exhibited increased mRNA stability relative to the CD154 3ЈUTR vector (Fig. 6, lower-right panel) . Interestingly, the 485-814 del construct demonstrated increased mRNA stability relative to the control vector alone in two experiments (data not shown). This finding is consistent with our observation of augmented mRNA accumulation relative to the luciferase control seen with transient transfection of Jurkat T cells (Fig. 6, upper-right panel) . Thus, the retained AURE (UUA UUUAUU) in the 485-814 del construct had no inhibitory effect on mRNA accumulation, suggesting it lacks activity in this context. PTB and PTB-T differentially regulate CD154 3UTR-dependent gene expression. PTB and PTB-T were first identified as CD154 3ЈUTR RNA binding proteins whose presence in human PBL cytosols correlated with alterations in CD154 mRNA turnover (44) . PTB/PTB-T were shown to bind to the CD154 3ЈUTR in the same polypyrimidine-rich region that contains a cis-acting instability element, suggesting their binding influenced its function. Overexpression of PTB or PTB-T in transient-transfection assay examined this possibility (Fig. 7) . In the Jurkat human T-cell line, transfection of an expression vector encoding PTB increased CD154 3ЈUTR-dependent gene expression relative to that of empty vector controls (Fig. 7A, upper panel) . In contrast, transfection of an expression vector encoding PTB-T markedly reduced luciferase activity in a CD154 3ЈUTR-dependent manner. These effects were statistically significant. A similar, statistically significant effect of PTB-T overexpression was seen in HeLa cells (Fig. 7A, lower panel) . These data are consistent with the interpretation that levels of cytoplasmic PTB-T were limiting in both cell types. No effect of PTB overexpression was seen in HeLa cells, suggesting the possibility that PTB levels in these cells were not limiting. The presence of the polypyrimidine-rich region in the luciferase 3ЈUTR was both necessary and sufficient to confer the inhibitory effect of PTB-T transfection on luciferase expression (Fig. 7B) .
A similar pattern was seen in an experiment of transient transfection of purified human CD4 ϩ T lymphocytes (Fig. 8A) . Following transfection, luciferase activity in CD4 ϩ T cells was measured after 6 h either without (basal) or with PMA-IONO stimulation. The presence of the CD154 3ЈUTR reduced luciferase activity, as seen in both HeLa and Jurkat cell lines under both basal and stimulated conditions. Moreover, in primary human CD4 ϩ T cells, PTB and PTB-T overexpression differentially affected luciferase expression, in a CD154 3ЈUTR-dependent manner (Fig. 8) . When expressed as a function of their effect on CD154 3ЈUTR-dependent gene expression from four experiments, the inhibitory effect of PTB-T was statistically significant (Fig. 8B) . The selectivity of the effect of PTB-T transfection for the CD154 3ЈUTR was demonstrable through its lack of effect on reporter gene activity derived from the pcDNA3.1/LUC control. Furthermore, no effect on pRL-nullderived Renilla luciferase activity was seen, which was used to control for transfection efficiency in each experiment (data not In separate experiments, we demonstrated that, as in Jurkat cells, the effect of PTB-T on luciferase expression in normal human CD4 ϩ T lymphocytes was conferred by nt 468 to 835. In these studies, PTB-T reduced luciferase expression by pcDNA3.1/LUC/CD154 104-986 by 38% relative to controls. Transfection of PTB-T cDNA had a greater effect (58% inhibition) of luciferase expression by pcDNA3.1/LUC/CD154 468-835 (n ϭ 4). Together, these data show that PTB-T and, in some instances, PTB can be demonstrated to regulate CD154 gene expression in both normal human T cells and cell lines solely through their interaction with the polypyrimidine-rich region found in its 3ЈUTR. 
DISCUSSION
Expression of CD154 by activated T lymphocytes plays a central role in both cellular and humoral immunity (16, 22, 34) . To date, the regulation of CD154 expression has been poorly understood, although several studies have demonstrated the importance of mRNA stability (15, 31, 44, 56) . We describe the purification, identification, and characterization of PTB and a novel splice isoform, p25/PTB-T, as two major cytosolic proteins capable of binding to the polypyrimidine-rich region of the human CD154 3ЈUTR. As part of these studies, we demonstrate that the CD154 3ЈUTR contains a novel cis-acting element(s) which decreases reporter gene expression at the level of mRNA accumulation by increasing the rate of mRNA turnover in vivo. The activity of the CD154 3ЈUTR has been demonstrated in both lymphoid and nonlymphoid cell lines, but also in normal human CD4 ϩ T cells, demonstrating its physiologic significance. The polypyrimidine-rich region (nt 474 to 835) of CD154 3ЈUTR was shown to be both necessary and sufficient to reduce reporter gene expression and mRNA accumulation, indicating the cis-acting element can be localized within this region. Subsequently we demonstrated that PTB and PTB-T expression differentially modulates the function of this cis-acting element. These data suggest the interpretation that CD154 expression is regulated at the level of mRNA stability in vivo through their binding to the polypyrimidine-rich portion of the human CD154 3ЈUTR. This series of experiments derived from our observations that CD154 mRNA turnover rates differentially correlated with levels of specific proteins that bound to the polypyrimidine-rich region of the 3ЈUTR (44) . These studies found that the presence of a cytoplasmic 25-kDa protein (p25) capable of binding the CD154 3ЈUTR correlated with CD154 mRNA . Signals (PMA-IONO) which stabilized CD154 mRNA were associated with the loss of p25 binding and increased levels of p50 binding activity (44) . With identification of the p25 and p50 as PTB-T and PTB, respectively, we now demonstrate that the changes in RNA binding activity were correlated with changes in their relative protein levels in the cytoplasm as well as polysomes ( Fig. 2D and 3D ). These data suggested that modulation of CD154 mRNA stability is transduced by the relative cytoplasmic levels of these related proteins and their binding to the 3ЈUTR polypyrimidine-rich region. Using luciferase reporter constructs, we show that the 3ЈUTR polypyrimidine-rich region is both necessary and sufficient to reduce total cellular luciferase mRNA levels in transient transfection of Jurkat cells. Since these reporter constructs that contain identical promoters lack introns and differ only in their 3ЈUTR, these data are consistent with increased mRNA degradation. We have directly confirmed this interpretation using a tetracycline-repressible transcription approach in HeLa cells. The comparable effects of the CD154 3ЈUTR polypyrimidine-rich region on luciferase activity across cell types, including normal human CD4 ϩ T cells, strongly supports the importance of this region and pathway in normal immune responses. Moreover, the effects of PTB-T and PTB on CD154 3ЈUTR-dependent luciferase expression are completely consistent with the initial observations of their differential correlation with changes in CD154 mRNA turnover.
Following the original functional characterization of the AURE type cis-acting element in mRNA stability (51) , over a decade elapsed before it was shown that the fate of an mRNA can be determined by different proteins that compete for binding to this specific cis-acting element. Tristetraprolin, TIA-1, and HuR each bind the TNF-␣ 3ЈUTR AURE to mediate changes in either mRNA stability or translation (7, 14, 40) . Our findings suggest a variant of this model, in which two proteins derived from the same gene compete for binding to the same cis-acting element with different functional consequences (Fig.  9) . We have not yet formally tested if PTB and PTB-T compete for binding to the same sequences within the CD154 3ЈUTR cis-acting element; however, this interpretation seems reasonable given that PTB and PTB-T share the domains (RRMs 3 and 4) that confer polypyrimidine tract binding activity (11, 39) . Moreover, we have mapped the binding of both PTB and PTB-T to the same polypyrimidine-rich region (nt 468 to 835) of the CD154 3ЈUTR, which contains multiple repeats [UCU UC or UUC(U/C)] of consensus binding sites for PTB (1, 55) .
The different structures of PTB and PTB-T would predict distinct consequences as a result of their binding to the CD154 3ЈUTR. In contrast to PTB, PTB-T lacks the homodimerization domain that encompasses RRM 2 (39). Thus, dimeric PTB would be expected to interact with the polypyrimidinerich region of the CD154 3ЈUTR at multiple sites and have a distinct effect on RNA structure relative to PTB-T, potentially favoring CD154 mRNA stability. This model of multisite PTB binding to the CD154 3ЈUTR for mRNA stability is similar to that proposed for PTB-dependent regulation of exon silencing (10, 58) .
Such a model has implications for our ability to map this cis-acting element. Deletion mutants would result in concurrent loss of both PTB-T and PTB binding sites, each having differing consequences for mRNA accumulation. This model would be consistent with our initial deletion mutant analysis, in which the inhibitory effect of this region was not attenuated by removal of the polycytidine sequence, CU dinucleotide-repeat region, or even Ͼ75% of the CU-rich region. Although it is possible we missed the site of the cis-acting element, if PTB requires multisite binding in the 3ЈUTR to stabilize CD154 mRNA, deletion analysis would preferentially alter the effect of PTB by reducing these interactions. In contrast, PTB-T would be predicted to mediate its effects through binding in a monomeric fashion. Only deletion of all of the PTB-T binding sites would be predicted to increase mRNA accumulation and luciferase expression, which is what was observed.
Alternatively, PTB might be able to stabilize mRNA through monomeric interactions by recruiting another protein that leads to CD154 mRNA stability. In this regard, the RRM 2 of PTB has been shown to promote interaction with hnRNP L FIG. 9. Model denoting regulation of CD154 mRNA stability by PTB and PTB-T binding to the polypyrimidine-rich region in the 3ЈUTR. PTB-T and PTB compete for binding to CD154 3ЈUTR and determine changes in mRNA stability. PTB is shown as a dimeric molecule that is primarily nuclear. PTB-T, which lacks both the nuclear localization sequence and dimerization domain of PTB, is shown to be predominantly cytoplasmic and monomeric. (23, 36) . The binding of hnRNP L to the vascular endothelial growth factor 3ЈUTR has been implicated in regulating mRNA stability (52) . In each of these models, PTB, but not PTB-T, would be predicted capable of oligomerizing to favor mRNA stability. Discrimination between these two models will require identification of the minimal cis-acting element that permitted both PTB and PTB-T to modulate reporter gene expression in a 3ЈUTR-dependent manner. The alternative splicing that generates PTB-T (amino acids 1 to 13 and amino acids 373 to 557) also potentially accounts for its observed cytoplasmic localization relative to PTB. This splicing event removes the nuclear localization sequence determinants in the N-terminal 55 amino acids of PTB (11, 39, 45) . The relative levels of PTB and PTB-T in the cytoplasm of normal human T lymphocytes appear to be actively regulated. Treatment of PBL with PMA-IONO, which rapidly stabilizes CD154 mRNA (44) , increased cytoplasmic levels of PTB in PBL as well as the appearance of a more slowly migrating isoform ( Fig. 2D and 3D ). In addition, RNA polymerase II inhibition alone increases cytoplasmic PTB levels. Since these effects can occur rapidly and even in the context of RNA polymerase II inhibition, it suggests the possibility that these effects are mediated by alterations in nucleocytoplasmic shuttling of PTB/PTB-T. These data are consistent with the hypothesis that signaling pathways regulate CD154 mRNA stability by increasing cytoplasmic levels of PTB. In this model, as cytoplasmic levels of PTB increase, PTB-T is displaced due to the higher avidity of dimeric PTB for binding to the CD154 3ЈUTR (Fig. 9) .
PTB proteins have been reported to regulate internal ribosomal entry site (IRES) function (21, 59) . There is no evidence to indicate that PTB is playing a role in the translational regulation of CD154 expression, as the magnitude of the CD154 3ЈUTR-dependent reduction in luciferase activity and total cellular mRNA accumulation are closely correlated. This finding is consistent with previous studies, which indicate that CD154 mRNA is regulated at the level of mRNA stability and not translation (15, 31, 44, 56) . However, these data do not exclude the possibility that cytoplasmic levels of PTB-T and PTB may differentially affect IRES function in other mRNA.
In addition to IRES function, the PTB gene family has been shown to play a role in tissue-specific splice site selection (57, 58) . It has been proposed that tissue-specific regulation may be dependent on expression of alternately spliced isoforms of PTB that include either all (PTB4) or part (PTB2) of exon 9 (19, 20) . These splice isoforms differ from wild-type PTB by insertions of 19 (PTB-2) and 26 (PTB-4) amino acids and differentially regulate ␣-tropomyosin splice site selection and IRES function (59) . Our data suggest that the presence of a more radically distinct splice isoform of PTB, PTB-T, might serve to compete with PTB and influence its function. It will be of interest to study the relative expression of PTB-T in tissues such as brain and muscle, where PTB function in alternative splicing appears to be selectively modulated (20, 37, 10) .
Finally, our studies indicate the presence of another PTBrelated protein, the p40, which binds to the CD154 3ЈUTR and may regulate turnover. We do not believe that the p40 represents a PTB splice isoform despite its reactivity with PTBspecific antisera, as it exhibited weak binding to CMC, in contrast to PTB and PTB-T. Moreover, a variety of PTB-specific primers have been unsuccessful in identifying a splice isoform corresponding to p40 by RT-PCR of T lymphocyte mRNA. We hope to resolve these issues by identifying and cloning, if necessary, p40. Thus, these studies not only prompt consideration of the roles of PTB proteins in regulating mRNA stability but also suggest a greater level of complexity of PTB gene products.
In conclusion, we have defined a novel posttranscriptional regulatory pathway that utilizes previously undescribed cisacting elements and trans-acting factors in the regulation of expression of a critical immune response protein, CD154. As part of these studies, we have identified PTB-T, an alternatively spliced isoform of PTB. In addition to a greater consideration of the cytoplasmic roles of PTB proteins, the identification of PTB-T provides further insight into the complexity of the biologic function of PTB gene products. With regard to the immune system, this discrete regulatory pathway is consistent with previous studies demonstrating the differential regulation of cytokine and CD154 expression (28, 35, 48, 49) . In activated T lymphocytes, cytokine and CD154 mRNA turnover can be independently and selectively modulated (15, 31) . The demonstration that CD154 and cytokine mRNA turnover are regulated by different (polypyrimidine-rich versus AURE) cis-acting elements and trans-acting factors accounts for these findings. Moreover, these data suggest that understanding the signals that regulate cytoplasmic levels or binding of PTB/ PTB-T might lead to the development of approaches that are specific in limiting CD154 expression. Given the efficacy of CD154 blockade in models of allograft rejection and autoimmune disease (16, 22) , selective modulation of CD154 expression would be predicted to have significant clinical potential.
